Purpose -The paper aims to describe and compare multiple methods for estimating the technical efficiency of 113 US oil refineries in operation in 2006 and 2007, considering undesirable output in a production process. Design/methodology/approach -A technology that satisfies weak disposability between desirable and undesirable outputs is constructed by allowing different abatement factors across all refineries. Several measures based on data envelopment analysis approaches are implemented and compared to study the impact of disposability assumptions and to investigate the effects of using non-uniform abatement factors. A hyperbolic efficiency measure is used to analyze the potential output loss of each refinery due to environmental regulations. Findings -The results indicate that domestic refineries can improve efficiencies regardless of the disposability assumptions and that environmental regulations reduce the amount of potentially desirable outputs produced by some facilities. However, refineries in the western USA appear to be the most affected by regulations. In general, efficient refineries are less likely to be affected. Research limitations/implications -Undesirable outputs are limited to toxic release. Undesirable outputs generated from refining crude oil, such as greenhouse gases, can be used when data are available. The desirable outputs in this paper do not include premium products, such as lubricants, which could raise the efficiency estimates of complex refineries. Originality/value -To the authors' knowledge, this paper is the first implementation of the weakly disposable technology constructed by different uniform abatement factors. Further, the paper investigates the effects of various disposability assumptions on efficiency estimation. The result clearly identifies refineries that use their resources efficiently. The paper suggests that the data may be used to augment managerial decision-making regarding benchmarking and best practices.
Introduction
Oil refineries are one of the principal stationary pollution sources along with chemical plants, coal-fired power plants, metal mining plants and other heavy industry. Petroleum refineries are a significant contributor to total US greenhouse gas emissions. Environmental Integrity Project and the Sierra Club comment on the current Environmental Protection Agency (EPA) standard of performance for refineries and conclude that refineries are responsible for about 14.3 per cent of industrial emissions and about 4 per cent of US emissions of CO 2 from fossil fuel combustion (EIPSC-SC, 2005) . Refineries are the second largest industrial source of sulfur dioxide, the third undesirable output can cause the company to pay more taxes or lose goodwill of the customer or surrounding community if a high level of pollution is generated. Accounting for undesirable outputs in a production process allows for a more complete efficiency measure for the oil refining industry.
In this paper, we compare the relative performance of different methods to estimate production frontiers and evaluate efficiency when undesirable outputs are taken into account. Notably, we show one of the first applications of a weak disposability model with non-uniform abatement factors. Several measures based on a data envelopment analysis (DEA) approach are implemented and compared to understand the value of recognizing non-uniform abatement factors. A unique data set of 113 US petroleum refineries allows a comprehensive picture of the output loss of refineries due to environment constraints.
The paper is organized as follows. Section 2 discusses a literature review of efficiency measurement when considerable undesirable output is presented. Section 3 describes a method of estimating production frontiers based on the assumption of weak disposability of undesirable outputs. Further, the effects of orientation on efficiency are investigated. Section 4 describes plant-level data for 113 US oil refineries. Section 5 presents the results of applying the proposed method to the unique data set. Section 7 concludes and offers suggestions for future research.
Literature review
Varied approaches for incorporating undesirable outputs into a production technology using the framework of DEA exist in the literature. Fare et al. (1989) modify the Farrell measure and use hyperbolic efficiency measures to equiproportionately increase desirable outputs and reduce undesirable outputs to estimate the efficiency levels of 30 US paper mills. Scheel (2001) proposes a new set of efficiency measures which adjust both desirable and undesirable outputs. These measures assume that any change of output levels involves both desirable and undesirable outputs. Seiford and Zhu (2002) use the invariance property concept to modify the variable returns-to-scale DEA model to address undesirable outputs for the same 30 paper mills analyzed in Fare et al. The authors apply a linear monotone decreasing inversion to the undesirable output(s) and transforming the variable(s) to standard outputs. Fare and Grosskopf (2004) comment that the method proposed in Seiford and Zhu (2002) does not satisfy weak disposability, and they suggest an alternative which applies the directional distance function to evaluate the performance of firms in the presence of undesirable outputs. Other DEA applications addressing undesirable outputs are Dyckhoff and Allen (2001) , Hua et al. (2007) and Pathomsiri et al. (2008) .
The important concept of weak disposability of undesirable output under variable returns-to-scale (VRS) has been debated recently. Weak disposability of output states that it is only possible to reduce undesirable outputs by decreasing desirable outputs. Conventionally, in a DEA framework, this has been modeled by using strict equality constraints on undesirable outputs. However, Hailu and Veeman (2001) propose a procedure to estimate the inner and outer bound of a non-parametric technology to incorporate undesirable outputs which they argue is preferable to the weakly disposable DEA model. Commenting on Hailu and Veeman, Fare and Grosskopf (2003) propose a new model to construct a weakly disposable production possibility set under VRS. An abatement factor is introduced for both desirable and undesirable output constraints to IJESM 4,3 allow for the simultaneous contraction of desirable and undesirable outputs. Kuosmanen (2005) argues that the single abatement factor in Fare and Grosskopf (2003) is an unintended limiting assumption. In reality, firms face different abatement costs, whereas Fare and Grosskopf's model assumes that all firms apply the same uniform abatement factor. Kuosmanen shows how a weakly disposable technology can be modeled by using different non-uniform abatement factors across firms. Kuosmanen and Podinovski (2008) demonstrate numerically that a single abatement factor does not suffice to model a weakly disposable production set and prove that Kuosmanen technology is the correct minimum extrapolation technology under weak disposability and VRS assumptions. To the best of our knowledge, the work presented in this paper is the first implementation of Kuosmanen (2005) to a practical application.
In weak disposability models, the issue of non-negative shadow prices along some portions of the frontier is of concern. Fare et al. (1993) , Hailu and Veeman (2001) and Lee et al. (2002) either restrict or use the method to ensure non-positive shadow prices of undesirable outputs. Fare et al. (1993) use a parametric translog form of distance function and restrict non-negative shadow prices of undesirable outputs in one constraint when analyzing pulp and paper mills in Michigan and Wisconsin. Hailu and Veeman (2000) treat undesirable outputs as inputs by using an inequality sign in undesirable output constraints to ensure that there will be no frontier constructed with negative shadow prices. Lee et al. (2002) use a directional distance function where the directional vector decreases both desirable and undesirable outputs to estimate shadow prices of NO x , total suspended particulates and SO 2 in the Korean electric power industry. However, a few papers report non-negative shadow prices of undesirable outputs, such as Hetemaki (1996) , Reinhard (1999) and van Ha et al. (2008) . Reinhard (1999) measures firms' technical efficiency by using output distance function and projecting inefficiency firms to the frontiers where shadow prices of undesirable outputs are non-negative. Hetemaki (1996) observes that, theoretically, there are no axioms that require non-positive shadow prices of undesirable outputs and reports average positive shadow prices of total suspended solids (TSS) from Finish pulp plants. van Ha et al. (2008) study the technical efficiency and the shadow prices of biochemical oxygen demand, chemical oxygen demand and TSS of household-level paper-recycling units in Vietnam, reporting that the average shadow prices of all undesirable outputs have positive values. In our data set, the observations projected to the portions of the frontier with non-negative shadow prices are identified. A purpose of measuring technical inefficiency is to estimate an upper bound on economic efficiency. A tighter bound is derived by considering the implications for allocative efficiency along frontiers that have non-negative shadow prices for bad outputs.
When considering undesirable outputs in the production processes, other authors have proposed alternatives to Kuosmanen's weak disposability model. Many studies employ the concept of material balance originally proposed by Ayres and Kneese (1969) as a condition when modeling joint production of desirable and undesirable outputs. Murty and Russell's (2002) method models pollution-generating technologies by explicitly specifying a mathematical function characterizing the pollution generating mechanism. Assuming the material inputs are not freely disposable, Murty and Russell (2002) , Forsund (2009) and Ebert and Welsch (2007) argue that the material balance condition excludes the possibility of the resulting production technology satisfying either strong or weak disposability between desirable and American petroleum refineries undesirable outputs. Inspired by engineering, Forsund (2009) uses the concept, factorially determined multi-output production (Frisch, 1965) , to propose a theoretical model when considering pollutants, similar to Murty and Russell (2002) who separate desirable generating function from undesirable outputs' generating function. Note that only material inputs are related to desirable and undesirable outputs with a material balance condition equation. Unlike general production transformation functions, the marginal productivities of inputs in material balance function are sign unrestricted depending on the types of inputs. For example, the marginal productivities in undesirable outputs of capital and labor could be zero but have positive marginal productivities in desirable outputs.
Using a scientific or engineering approach to estimate a production function is usually appropriate when considering a small-scale production unit such as a machine; however, it is difficult to apply these approaches to larger production units in which several different production processes occur within one unit, such as an oil refinery. Typically, this type of production unit requires several material balance equations. This is supported by Farrell (1957) who states the difficulty in specifying a theoretical production function even via an engineering approach for very complex processes: the more complex the process, the lower the probability that a theoretical function is accurate. Thus, in a larger-scale production unit such as a firm or industry, Farrell suggests that another approach is more appropriate and practical, i.e. using observed data to estimate the best practice frontier.
Moreover, as stated in Coelli et al. (2007) and Forsund (2009) , when considering undesirable outputs in the production processes, material balance condition only allows the production unit to operate on a frontier, implying that an inefficiency is not allowed. Consider the material input with the material balance equation expressed as x m ¼ Av þ Bw where x m is a material inputs vector, v is an desirable outputs vector, w is undesirable outputs vector and A and B are conversion parameters. Note that if the material balance equation is affected by the quality of the material input, the desired proportions of the multiple desirable outputs, or different proportions, can be achieved through additional reprocessing, and then multiple material balance equations exist for one facility (i.e. refinery). Further, particularly in the case of reprocessing, there is a link between using non-material inputs to reduce undesirable outputs that are not captured by separately modeling the generation of desirable and undesirable output production functions. The material balance literature does not discuss the aggregation procedure for multiple processes each with their own material balance equation. Also, only under weak disposability of undesirable outputs does a duality exist between the distance function and the technology. Thus, Shephard's (1953) results demonstrate that the dual relationship will not hold under the material balance condition when there are undesirable outputs.
Further, it may be reasonable to assume x m is freely disposable, implying that in the above material balance equation, v and w can be proportionally contracted while some part of x m is used to produce both outputs and the remainder can be sold in an open market (assuming minimal friction costs) or used for other purposes, e.g. crude can be stored or sold.
While there is support in the literature for both the material balance approach and the weak disposability approach, it is not clear that one pre-dominates or that the methods are necessarily mutually exclusive. In this paper, we focus on weak disposability methods to clarify the effects of orientation, firm-specific abatement costs and the significance of negative shadow prices for bad outputs. The efficient production frontier IJESM 4,3 is non-parametrically constructed using only observations following production axioms of weak disposability between desirable and undesirable outputs and assuming all inputs are freely disposable. It does not require allocation of inputs to particular pollution-generating mechanisms or information on particular pollution abatement activities as stated in Pasurka (2001) .
Methodology
First, the notation for describing the input and output vectors and production possibility set is introduced. Input vector
The production possibility set is defined as P ¼ {(x,y,b): x can produce ( y,b)}. Originally proposed by Shephard (1970) , the following axioms are restated regarding production when undesirable outputs are also produced:
.
Strong disposability of inputs and desirable outputs
Weak disposability of desirable outputs and undesirable outputs
If (x,y,b) [ P and 0 # u # 1, then (x,uy,ub) [ P.
The maintained assumptions defining the production possibility set for all models are:
. P is convex;
. strong disposability of inputs and desirable outputs exists; and there are VRS.
The weak disposability of desirable and undesirable outputs is commonly assumed when one wants to include undesirable outputs into the production process. To construct a weakly disposable technology, we augment the set of maintained assumptions via the weak disposability assumption stated previously. We can model the VRS weakly disposable technology as:
production possibility set; however, this technology is the smallest convex production possibility set under the weak disposability of desirable and undesirable outputs assumption. Based on a weak disposable technology, a multiplicative efficiency measure can be applied to evaluate and benchmark a firm's relative performance.
To check the importance of Kuosmanen's proper characterization of a technology with weakly disposable undesirable outputs when measuring performance, we compare the following methods for evaluating technical efficiency.
3.1 A linear transformation for undesirable outputs Seiford and Zhu (2002) propose a linear transformation to treat undesirable outputs and then integrate transformed undesirable outputs into the standard Banker, Charnes and Cooper DEA model. To preserve convexity, a linear monotone decreasing transformation b k ¼ 2b k þ w . 0 is introduced where w is a translation vector to convert undesirable outputs into standard outputs. By applying the two technologies stated above, the efficiency estimates can be calculated using the following linear programs:
The programming problem equation (5) uses Kuosmanen's VRS weakly disposable technology and equation (6) uses the technology that implies no disposability according to Kuosmanen. The translation vector w can be arbitrarily selected; however, the least integer value that causes all b k to be greater than zero is used in Seiford and Zhu (2002) .
American petroleum refineries
Similar to hyperbolic efficiency, an efficiency estimate equal to 1 implies that the firm operates on the best practice frontier. An efficiency estimate greater than 1 implies the firm operates under the best practice frontier and still has room for improvement.
3.2 A directional output distance function Following Fare and Grosskopf (2004) , the measurement in the direction of vector
The efficiency estimates for the Kuosmanen technology and the no disposability technology is obtained by solving the following linear programs:
The efficiency estimate b is a measure of the firm's distance from the best practice. Efficiency is indicated when b equals zero; b greater than zero implies inefficiency. The directional vector g ¼ (g y , 2 g b ) is typically arbitrarily selected. One specification of the directional vector is g ¼ ( y, 2 b)which implies that each firm determines its own direction based on its current desirable and undesirable output levels. This specification of the directional vector is used in the following analysis.
A hyperbolic efficiency measure
This is commonly used to evaluate a firm's efficiency considering undesirable outputs because of the measure's ability to expand desirable outputs and reduce undesirable outputs simultaneously at the same rate. The efficiency estimates can be calculated using the following non-linear programs: IJESM 4,3
The hyperbolic efficiency is calculated under weakly and no disposable technology. It is a relative measure comparing to the best practice frontier. The hyperbolic efficiency estimate is equal to 1 if the firm operates at the frontier, i.e. either the firm is efficient or the firm is unable to increase good outputs while reducing undesirable outputs at the same time. An efficiency estimate greater than 1 indicates that the firm is inefficient in the sense that it is still able to expand good outputs and reduce undesirable outputs simultaneously. We note that increasing good outputs and reducing undesirable outputs are equally effective strategies. Moreover, to observe the difference of the two weakly disposable technologies proposed by Fare and Kuosmanen, we compare hyperbolic efficiency estimates obtained from model (9) to the efficiency estimates from the following non-linear program:
American petroleum refineries
The hyperbolic efficiency measure based on strong disposability between good and undesirable outputs can be calculated and compared with the weak disposability hyperbolic efficiency measure to estimate the output loss due to pollution abatement. The efficiency measure, when strong disposability of undesirable outputs is assumed, is computed by solving the following non-linear programming:
The above measure imposes inequality constraints on undesirable outputs to estimate the technology assuming strong disposability of undesirable outputs. The ratio H s /H w indicates the output loss due to the abatement of undesirable outputs (Fare et al., 1989 ). If H s /H w is equal to 1, then abatement has no effect on evaluating efficiency. On the other hand, if the ratio is greater than 1, the pollution abatement contributes to the lost opportunity to produce more good outputs. Table I gives a summary of the variables selected. Three inputs consist of equivalent distillation as a proxy of capital, energy and crude oil. Two desirable outputs are gasoline and distillate and an undesirable output is toxic release. Plant-level data of US petroleum refineries derives from the EIA Refinery Capacity 2006 and 2007 reports (beginning in 2006, information such as atmospheric crude oil distillation capacity, downstream charge capacity and production yearly data are publicly reported by EIA (2006) and EIA (2007)). The data allow us to calculate the Nelson complexity index and equivalent distillation capacity (EDC) in mega-barrels per calendar day (MB/CD). The latter is used as the proxy variable for capital. Since petroleum refining is one of the most energy-intensive manufacturing industries in the USA, we include energy as an input. Refining uses a diverse set of fuel sources to convert crude oil to finished products. A document published by the US DOE Office of Industrial Technologies (OIT), USDOE-OIT (1998), identifies still gas, natural gas, electricity and petroleum coke as the primary fuel sources used in the refining process. We combine these into a single variable energy measured in GBtu. Actual fuel consumed in each Petroleum Administration for Defense Districts (PADD) area is reported by the EIA (various, 2006, 2007) . We calculate the energy consumption for each refining process by using the fuel information required by each refining process reported in USDOE-OIT (1998) and Maple (1993 The amount of crude oil consumption is assumed to vary by the atmospheric crude oil distillation capacity. The crude oil variable is constructed as the ratio of individual atmospheric crude oil distillation capacity to the sum of all refineries' atmospheric crude oil distillation capacity in that PADD area. The amount of crude oil in MB/CD is then approximated by multiplying these weights with the actual amount of crude oil consumption in the PADD area. As large capital-intensive operations with relatively few employees, refinery labor data are not significant and we exclude it from this analysis. About 90 per cent of the refined oil is converted to fuel products, most of which are gasoline and distillate-type fuel (diesel fuel and jet fuel). EIA reports the amount of finished motor gasoline and distillate in 12 different sub-PADD areas. EIA also reports the capacity of each process such as thermal cracking, catalytic cracking, hydro cracking, desulfurization and production capacity by year (2006 and 2007) . The weight of each refinery yield gasoline is then constructed by the sum of capacity of the process yielding gasoline divided by the sum of this capacity from all refineries in the sub-PADD areas. The weight of yield distillate is constructed in the same manner. Assuming that gasoline and distillate are proportional to these weights, the approximated amount of gasoline and distillate produced in MB/CD from each refinery is estimated by multiplying the actual amount of gasoline and distillate by these weights. Undesirable outputs considered are the byproduct toxins released during the refining process. Beginning in 1986, the federal EPCRA requires firms to report toxic emission information to the EPA for public disclosure. The data are available in the Right-to-Know Network's databases (RTKNET, 2006 (RTKNET, , 2007 . The Toxics Release Inventory (TRI) is a database of information about releases and transfers of toxic chemicals from facilities in particular industrial sectors, including petroleum refining. While many toxins are reported, the two main types in the TRI data are release and waste. Waste-generated data used in the analysis are the production-related waste. This waste may end up being recycled, destroyed in treatment or released. According to RTK Network, release is defined as any spilling, leaking, pumping, pouring, emitting, emptying, discharging, injecting, escaping, leaching, dumping or disposing into the environment. Release can be emitted to air, water and land on-site and off-site. Only the total amount of waste in pounds is used as an undesirable output. Bui (2005) finds that refineries have lower toxic emission levels when they face more stringent environmental regulations. Thus, the TRI data are a good proxy for undesirable outputs when one wants to study the impact of environmental regulation on a firm's efficiency. Table I reports the sample means and standard deviations for the data. The EDC has slightly increased; meanwhile, the amount of crude oil and energy consumption is quite stable over the two time periods. From 2006 to 2007, refineries produced slightly less gasoline but more distillate except refineries in PADD5. Toxic release has increased in every PADD area except in PADD5.
Data description

Results
The technical efficiency estimates for each refinery using the linear transformation, the directional distance function and the hyperbolic efficiency measure under both weak disposability and no disposability for 2006 and 2007 appear in Tables AI and AII in Appendix. Using a technology constructed under the assumption of weak disposability IJESM 4,3 of undesirable outputs results in 39 efficient refineries when the directional distance function or the hyperbolic efficiency measure is employed. However, 47 refineries are estimated to be efficient when employing a linear transformation of undesirable outputs method. These results are consistent with Fare and Grosskopf (2004) who state that the linear transformation underestimates the size of the production possibility set. Another drawback of a linear transformation method is that the selection of a translation vector w is arbitrary. As w becomes larger, the efficiency estimates are higher and it becomes more difficult to distinguish efficient observations.
Using either the directional distance function or the hyperbolic efficiency measure gives similar results. This is consistent with our expectations since both methods are distance functions which estimate each firm's efficiency. However, one advantage of the hyperbolic efficiency measure method is that it does not require the user to choose the direction of improvement. Figures 1 and 2 show the distribution of the hyperbolic efficiency measure under weak disposability for 2006 and 2007. Table II summarizes the hyperbolic efficiency estimates.
Another conclusion that can be drawn from Tables AI and AII is that under different technologies, almost all efficiency estimates for the US refineries using a directional distance function or a hyperbolic efficiency measure are identical; only refinery 102 in the 2006 data set gives a different result. This refinery is efficient in a no disposable technology, but inefficient in weak disposability technology. This can be explained by considering that a weak disposability technology is a larger set of production possibilities than a no disposable technology. In 2007, the two efficiency measures are the same for both technologies. Table III shows the hyperbolic efficiency estimates of refineries when using two different weakly disposable technologies. The hyperbolic efficiency estimates from American petroleum refineries model (11) equal the efficiency estimates from model (10). Thus, for the refinery data, the efficiency estimates are equal when using a non-disposable technology (1) and a Fare's weakly disposable technology (2). The efficiency estimates when using Kuosmanen's weak disposable technology are different for only one observation, because almost all refineries operate above most productive scale size and when using the hyperbolic distance, most inefficient refineries are projected to the frontiers constructed by convexity assumption. Thus, the assumption of weak disposability or no disposability makes little practical difference for the data set. Although the efficiency estimates from different technologies are almost identical in our analysis, this result may vary in other (9) and model (11). Graphically, the shadow prices are described by the slope of the tangent line to the production frontier. Table III summarizes the number of refineries with different shadow prices. The shadow prices of both desirable and undesirable outputs are the same for all inefficiency refineries except for refinery 102 in the 2006 data. Note that for some efficient refineries, the shadow prices can differ because they are at the kinks of the production frontier; the shadow prices are not unique. However, the shadow price information confirms that in this data set, almost all inefficient refineries are projected to the same frontier when using either the Kuosmanen or the Fare technology. To conclude, the Kuosmanen and the Fare weak disposable technology can give different results, but the degree of difference depends on the data set and the choice of direction for measuring efficiency.
As shown in Tables AIV and AV, some shadow prices of undesirable outputs appear to be positive. In fact, the positive shadow prices of undesirable indicate the possibility for firms to increase desirable outputs by reducing undesirable outputs. We interpret this as a material balance condition. There are some limitations to a fixed input level that more bad output can only be generated by sacrificing good output. In this paper, about 20 and 15 per cent of refineries in 2006 and 2007, respectively, have benchmarks on the frontier with positive shadow prices for toxic releases (Table IV) .
An important reason to estimate technical efficiency is that it serves as an upper bound on economic efficiency. When a firm is allocatively efficient, technical efficiency is equal to allocative efficiency. A common assumption in the externalities or bad output literature is that bad outputs are undesirable and are costly (or at least there is no revenue gained by disposing of them); thus, the weak disposability frontier is used to estimate technical efficiency. However, given any possible cost vector for bad outputs, the observations on the portion of the frontier with non-negative shadow prices for bad outputs are clearly allocatively inefficient. We propose that an upper bound on allocative efficiency can be estimated for these portions of the frontier. This concept is illustrated with a small example and is shown in Figure 3 . The upper bound on allocative efficiency is estimated by projecting on the frontier BC.
This interpretation of technical efficiency is very strict and perhaps counter-intuitive. A technical efficiency measure of 1 referencing a portion of the frontier with a non-negative shadow price for undesirable output indicates that it is not possible to produce any more good or bad output. In other words, all inputs are being used efficiently to produce some type of output. An allocative efficiency captures the amount of output desirability or undesirability. Banker (1993) and Banker and Chang (1995) , the hypothesis tests involve a comparison of refineries' efficiencies in two groups which are constructed to determine if the regional efficiency is statistically significantly different. Table V also reports the F-statistics used to test the null hypothesis that the refineries in both groups have the same inefficiency distributions against the alternative hypothesis that the refineries in the first group are less efficient. The test shows that on average, refineries in PADD4 are statistically more efficient than refineries in other regions. Table VI reports This implies that the regulations have the most impact on the refineries in PADD5 in the sense that the refineries fail to produce enough output to be efficient, because the cost of disposing of undesirable outputs is significant. In fact, California mandates a higher quality gasoline than other states. Costly reformulating is thus required. "Bad" parts must be extracted (and sold as byproducts) or undergo intense processing to convert the "bad" to good. Either way, refineries end up with less gasoline and distillate and more byproducts and higher emissions. Another major finding of this paper is that efficient refineries are less affected by pollution abatement costs. From Tables V and VI, on average, refineries in PADD4 are the most efficient refineries but the percentage of refineries that are affected by pollution abatement in these two regions is less than in other regions. Moreover, when the percentage of efficient refineries in one area decreases, the percentage with output losses greater than 1 will increase. For example, from 2006 to 2007, the percentage of efficient refineries drops from 30 to 20 per cent, but the percentage of refineries affected by environmental constraints increases from 30 to 60 per cent. The interpretation is that environmental regulation has a greater impact on the less-efficient refineries.
Refineries in PADD4 are found to be the most efficient, but these refineries are significantly different from the other refineries in the data set in terms of scale. Their capacity ranges between 34.95 and 595.69 MB/CD. PADD4 refineries normally are less complex and the technology can be somewhat outdated when compared to the technology in other PADD areas. They specialize in handling only sweet crude from Alaska and the Rocky Mountain region. This allows them to be small and efficient at a very specialized task, but it also makes them vulnerable to fluctuations in the availability of sweet crude. Only one small refinery, with an EDC of 53.52 MB/CD, becomes efficient. This result indicates that PADD4 refineries are efficient due to specialization and size. When estimating efficiency using the VRS assumption, PADD4 refineries tend to benchmark within a group of small refineries. They are not compared with large refineries in PADD3 and PADD5 areas which are considered more complex and more advanced refineries.
Conclusion
This paper evaluates the relative efficiency of US refineries while considering undesirable outputs generated in the production process. Unlike other previous studies, this paper constructs the weak disposability technology by using non-uniform abatement factors. To observe the impact when using non-uniform abatement factors, three DEA-based measures are implemented and compared under two different technology assumptions. The output oriented hyperbolic efficiency is used to evaluate the relative efficiency of an original data set of 113 domestic refineries in five PADD areas and to study the output loss due to environmental regulations.
When needing to evaluate a firm's relative efficiency considering undesirable outputs, the hyperbolic efficiency measure in a DEA framework is attractive because of its ability to simultaneously expand desirable outputs and reduce undesirable outputs at the same rate. The measure is also advantageous because:
. a linear transformation method underestimates the size of the production possibility set and the selection of a proper translation vector w is arbitrary; and . a direction distance function method requires the user to choose the direction of improvement.
By implementing the three methods on two different technologies, the efficiency estimates show similar results for our refinery data set. This paper's other contributions are as follows. First, refineries in the PADD4 (Rocky Mountain) region performed best in our benchmarking analysis; however, this may be strongly related to their specialization and small size. Second, the hyperbolic efficiency measure shows that it is possible for about 60 percent of oil refineries in the data set to improve their efficiencies by increasing an amount of gasoline and distillate while reducing overall emission. Third, some refineries are affected by environmental regulation in the sense that desirable outputs are reduced due to pollution abatement, particularly refineries in the PADD5 region. Fourth, environmental regulations are likely to have less effect on efficient refineries.
Further research in estimating refineries' efficiency with undesirable outputs could be improved by including more premium products, such as lubricants, as desirable outputs. Doing so would benefit the more complex refineries and provide a more complete efficiency indicator. Additionally, even though toxic release is a good proxy variable for undesirable outputs since it is correlated with environmental regulation, most of the "bad" outputs are not generated by crude oil. Clearly, toxic release can derive from other materials such as catalyst. Only the fugitive hydrocarbon is directly generated from crude oil and in typically small amounts relative to the other classes of emissions. 
